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CONS P EC TU S

T he study of the noncovalent force between π-acidic aromatic systems and
anions, referred to as the anion�π interaction, has recently emerged as a

new branch of supramolecular chemistry. The anion�π contact is complemen-
tary to the cation�π interaction, a prominent noncovalent force involved in
protein structure and enzyme function. Until recently, the scientific community
had overlooked the anion�π interaction due to its ostensibly counterintuitive
nature. Pioneering theoretical studies in 2002, however, established that
anion�π interactions are energetically favorable (∼20�70 kJ/mol) and
prompted a flurry of reports in support of their existence. The interest in
anion�π contacts was further fueled by the importance of anions in key chemical
and biological processes and the involvement ofπ-rings in anion recognition and
transport. Anion�π interactions hold great promise for the design of selective
anion receptors, hosts or scaffolds, colorimetric sensors, and catalysts and may
also affect biological functions. Currently, the area of anion�π research is highly topical in the scientific community and on a
meteoric rise in the chemical literature. This Account highlights our leading findings in this burgeoning area.

Our work has focused on comprehensive investigations of several unprecedented supramolecular systems, in which the anions
and their close anion�π contacts are the driving elements of the final architectures. We surveyed several heterocyclic π-acidic
aromatic systems amenable to anion�π contacts and explored the subtle interplay between ligand π-acidity, anion identity, and
metal ions in mediating the ensuing self-assembled architectures.

The reactions we performed between solvated first-row transition metal ions and the π-acidic ligands bptz (3,6-bis(2-pyridyl)-
1,2,4,5-tetrazine) or bmtz (3,6-bis(2-pyrimidyl)-1,2,4,5-tetrazine) resulted in unprecedented metallacycles. Our investigations
revealed that the identity of the encapsulated ion dictates themetallacycle nuclearity and close anion�π contacts are critical for the
metallacycle stability. Our X-ray crystallographic, NMR spectroscopic, and mass spectrometric (MS) studies demonstrated that the
tetrahedral ([BF4]

�, [ClO4]
�) and octahedral ([SbF6]

�, [AsF6]
�, [PF6]

�) anions template discrete molecular squares and penta-
gons, respectively. Themetal ions occupy the vertices, and bptz or bmtzmoieties span the edges of themetallacycles. The encapsulated
anions occupy theπ-acidic cavities of themetallacycles and establish multiple close directional F/O 3 3 3 Ctetrazine contacts with the edges.
The observation of notable 19F solid-state NMR chemical shifts reflects the short contacts of the encapsulated anions, findings that we
corroborated by DFT calculations. The solution NMR data support the conclusion that bona fide metallacycle templation and
interconversion between themetallacycles in solution occurs only in the presence of the appropriate anions. TheNMR,MS, and CV data
underscore the remarkable metallapentacycle stability despite the angle strain inherent in pentagons formed by octahedral metal ions.
The low anion activation energies of encapsulation (ΔG‡ ∼ 50 kJ/mol) suggest that anion�π contacts assist the anion templation.

We also studied reactions of Ag(I)X (X� = [PF6]
�, [AsF6]

�, [SbF6]
�, [BF4]

�) with bptz or bppn (3,6-bis(2-pyridyl)-1,2-
pyridazine) to assess the effect of the ligandπ-acidity on the preferred structures. The X-ray data revealed that the higherπ-acidity
of the tetrazine ring in bptz leads to propeller-type products [Ag2(bptz)3]

2þ exhibiting prominent short anion�π contacts. By
contrast, the less π-acidic bppn preferentially favors grids [Ag4(bppn)4]

4þ which exhibit maximized π�π interactions.
Finally, we explored the reactions of the extended π-acidic heterocycle HAT(CN)6 (1,4,5,8,9,12-hexaazatriphenylene-

hexacarbonitrile) with the Cl�, Br�, I� ions which lead to highly colored solutions/crystals. X-ray crystallographic studies of the
HAT(CN)6/halide complexes revealed unprecedented multisite short peripheral charge-transfer and centroid anion�π contacts. In
solution, the charge-transfer contactswere evidenced by electronic absorption, 13C and halogenNMR, aswell asMSdata. The distinctly colored
complex entities exhibit extraordinarily high association constants,which render thempromising for anion-sensing receptor applications.



Vol. 46, No. 4 ’ 2013 ’ 894–906 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 895

Anion�π Interactions Chifotides and Dunbar

1. Introduction
The ubiquitous presence of noncovalent interactions involv-

ing aromatic moieties in chemical and biological processes

grants them a prominent role in the fascinating field of

supramolecular chemistry. In fact, the topic of weak interac-

tions involving π-systems is at the forefront of research in

major interdisciplinary thrust areas spanning materials

science, catalysis, crystal engineering, biology andmedicine.1

In the realm of biological sciences, a plethora of cases reveal

that noncovalent aromatic interactions, (for example, π�π,

CH�π, cation�π, and lonepair�π) orchestrate the structuresof

biomolecules and play a pivotal role in many vital functions

such as DNA/RNA stacking, protein folding, protein�ligand

recognition, and drug�receptor interactions. A perusal of

the literature reveals numerous pertinent examples, for

example, π�π stacking, cation-π and O�H 3 3 3π interactions

stabilize the complex of the enzyme acetylcholinesterase

with the Alzheimer's disease drug E2020,1 and cation�π

interactions play a critical role in the molecular recognition

process at the binding sites of a diverse array of proteins.2

The aforementioned arsenal of noncovalent contacts

associated with aromatic rings was recently augmented by

a newly recognized noncovalent force between π-acidic

charge-neutral aromatic rings and anions, namely, the

anion�π interaction (Figure 1). The term anion�π was

coined by Dey�a et al. in 2002,3 but the origins of attractive

interactions between anions and π-acidic aromatic rings

are found in earlier reports.4,5 Thereafter, three almost

simultaneous pioneering theoretical studies by Dey�a

et al.,3 Mascal et al.,6 and Alkorta et al.,7 reported in 2002,

established that anion�π interactions are energetically fa-

vorable (∼20�70 kJ/mol,8,9 i.e., comparable in energy to

cation�π interactions and moderate-strong hydrogen

bonds) and heralded the nascence of this field. Since these

reports, a surge of theoretical and experimental investiga-

tions in support of anion�π contacts ensued and are de-

tailed in several state-of-the-art Review articles on the topic,

which collectively demonstrate the trends in the field.8�12

In light of the omnipresence of anions in many key

chemical and biochemical systems and the involvement of

π-rings in molecular anion recognition and transport,13

anion�π contacts are expected to be prominent players in

a wide range of pivotal processes. The widespread impor-

tance of cation�π interactions in proteins notwithstanding,2

anion�π interactions recently came to light in several enzymes

and other proteins.14�17 Furthermore, the closely related

C�Cl/C-Br 3 3 3π interactions were recently found to enhance

protein�ligand binding affinity18 and lone pair 3 3 3π interac-

tions to stabilize Z-DNA.19 Currently, the scientific community

is focusing increasing attention on the great potential vis-�a-

vis anion�π interactions and the exciting opportunities they

present for the design of highly selective anion rece-

ptors,12,13,20�22 novel colorimetric sensors,12,23�26 selective

hosts27 or scaffolds20,23 for anion recognition,13,28�30 cata-

lysts and other materials.31 A few groups have made

impressive strides toward key applications; for example,

Matile et al. recently reported pioneering studies which

unveiled π-acidic naphthanediimide (NDI) lipid bilayer rods

(synthetic transmembrane anion�π slides) enabling anion

transport via anion�π interactions (Figure 2);32 in light of the

physiological relevance of biological chloride channels,

these developments pave the way for the treatment of

channelopathies such as cystic fibrosis.13

As part of our broad interest in supramolecular chemistry,

we have been exploring several π-acidic aromatic systems

such as bptz:3,6-bis(2-pyridyl)-1,2,4,5-tetrazine, bmtz:

3,6-bis(2-pyrimidyl)-1,2,4,5-tetrazine, and bppn:3,6-bis-

(2-pyridyl)-1,2-pyridazine, which are amenable to short

contactswith anions. Comprehensive studies undertaken by

our group resulted in the isolation of unprecedented me-

tallacycles,33�35 grids, and propeller-type36,37 frameworks

in which the anions and their close contacts with the

N-heterocyclic ligands facilitate the self assembly process

and control the structures of the final supramolecular entities.

We embarked on a quest to gain insight into the subtle

FIGURE1. Schematic representationofπ-systeminclosecontactwithanion.

FIGURE 2. Transmembrane anion�π slide for chloride transport.
Adapted with permission from ref 32 (c). Copyright 2006 American
Chemical Society.
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interplay between anion identity, ligand π-acidity, and metal

ion in mediating the structures and properties of the ensuing

metallasupramolecular architectures.Ourdataprovide compel-

ling evidence, unique to the area of anion-assisted chemistry,

that the metallacycles only form in the presence of suitable

anions. Formation of these polygons occurs via synergistic

anion�π interactions, which are an integral part of metalla-

cycle templation, with low activation energies of anion en-

capsulation (∼50 kJ/mol). In another recent study, we targeted

an extendedπ-acidicmolecule, namely, HAT(CN)6 (1,4,5,8,9,12-

hexaazatriphenylene-hexacarbonitrile), an excellent platform

for effective halide recognition and a promising colorimetric

anion sensor, with the halide ions driving the spontaneous self-

assembly of the sandwich-like complexes.23 This Account high-

lights our most significant advances in the aforementioned

areas. To enhance understanding of the topic by nonspecialist

readers, we first describe the basic characteristics of anion�π

interactions.

2. Physical Nature of Anion�π Interactions
In contrast to cation binding to aromatic systems, the

anion�π interaction was previously overlooked, presumably

due to its counterintuitive nature. This ostensibly unfavor-

able interaction with a negative π-surface can become

attractive, however, for aromatics with electron-withdraw-

ing substituents or N-heterocyclic rings. Extensive studies

have shown that in general electrostatic and anion-induced

polarization contributions dominate anion�π interactions,9

but recently an alternate driving force was proposed for

substituted benzene rings.38 The electrostatic component

correlates strongly with the magnitude of the ring perma-

nent quadrupole moment Qzz, which describes the charge

distribution on both sides of the aromatic plane, for example,

Qzz=�8.48andþ9.50B for benzene andhexafluorobenzene,

respectively (1B = 3.336� 10�40 Cm2; Figure 3, upper panel).

Aromatic rings with large positive quadrupole moments

establish strong anion�π interactions, for example,

Qzz(dicyano NDI) = þ39.2 B.32b Anion-induced polarization

arises from the interaction of the anion with the π-system

induced dipole and has significant contributions formolecules

with high polarizability or extended π-systems, for example,

R )(s-tetrazine) = 58.7 or R )(HAT) = 54.03 au, respectively.8,9

Electrostatic potential (ESP) maps have been widely used

in the analyses of noncovalent interactions.38 The ESP at a

selected location near a molecule is a measure of the

electrostatic energy that a positive unit point charge would

experience at that location. The point charge is attracted to

negative and repelled by positive potentials, depicted

typically as red and blue on color plots; these ESPs usually

correspond to electron-rich and electron-poor regions, re-

spectively, for example, benzene and hexafluorobenzene

have reversed electrostatic potentials (Figure 3, lower panel).

3. Interaction Motifs of Anions with π-Systems
Depending on the anion and π-system types, three interaction

modes are possible between a π-acidic aromatic ring and an

anion located above it (Figure 4): (a) noncovalent anion�π

contact with the anion centered or displaced from the ring

centroid,9 (b) anion-donor�π-acceptor interaction with position-

ingof theanionover theπ-systemperiphery,39,40and (c) strongly

covalent σ interaction or Meisenheimer intermediate.9,39,40

An empirical indication of the anion�π interaction

strength is the distance dcent or R (Figure 1); increasing the

anion/aromatic plane distance by moving the anion in a

direction vertical to the plane results inweaker interactions.9

The latest proposed broader criterion to invoke an anion�π

interaction is for the anion to be located above the aromatic

ring region at anion to carbon atom distancese sum of van

der Waals radii (ΣRvdW) þ 0.8 Å.9,11

Theoretical studies have aimed at probing the detailed

characteristics and preferred geometries for various aromatic

ligands with different anions.3,6,7,9,39,40 Strong σ-complexes

FIGURE 3. Schematic representations of quadrupole moments (upper)
and ESP maps38 (lower): (left) benzene and (right) hexafluorobenzene.

FIGURE 4. Anion interaction types with π-systems (a) anion�π, (b)
anion-donor�π-acceptor, and (c) strongly covalent σ interaction.
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areusually formedwithnucleophilic anions, for example, [RO]�,

[CN]�, F�, andπ-acidic arenes.6,39,40 Anion�π complexes are

most likely to occur with large, charge-diffuse anions, for

example, [ClO4]
�, [BF4]

�, [PF6]
�, and arenes of moderate

electron affinity.11 Mononuclear anions such as Cl� and

Br� establish both anion-donor�π-acceptor and anion�π

contacts with arenes of moderate electron affinity, for exam-

ple, triazine.39,40 As the electron affinity of the arene increases,

however, anion-donor�π-acceptor complexes are preferred,

for example, halide complexes of tetracyanobenzene, tetra-

cyanopyrazine, o-chloranil,39�41 which exhibit η1 or η2 hapti-

cities and several close anion-ring contacts (Figure 5).

Moreover, the positioning of polyatomic anions, for example,

[BF4]
�, [PF6]

�, [SbF6]
�, [ClO4]

�, varies with ring symmetry

and anion geometry; several short F/O contacts are typically

establishedwith theπ-acidic aromatic rings,11,16 as a search of

the CSD indicates and also is the case for our assemblies.

4. Anion�π Interactions in Templated Metalla-
cycles with π-Acidic Cavities
Noncovalent interactions are powerful tools for the design

and control of supramolecular entities.42,43 In this realm, a

useful approach entails combining the assets of coordina-

tion bonds43 and the convenience of a template to organize

the molecular building blocks to favor a desired supramole-

cular architecture. Of particular relevance to our work is the

templatingability of anions44 in the self-assembly ofmetalla-

supramolecular systems, which has only recently been

appreciated. Armed with this approach, we launched a

comprehensive investigation of the anion-templated dis-

crete molecular squares [{M4(bptz)4(CH3CN)8}⊂X][X]7,

(M=Ni, Fe, Zn; [X]�=[BF4]
�, [ClO4]

�) andpentagons [{Ni5(bptz)5-

(CH3CN)10}⊂SbF6][SbF6]9, [Fe5(bptz)5(CH3CN)10][Y]10 ([Y]�=

[SbF6]
�, [AsF6]

�, [PF6]
�), and [{Fe5(bmtz)5(CH3CN)10}⊂SbF6]-

[SbF6]9, which were isolated in high yields. The central

tetrazine rings of the ligands are highly π-acidic (Figure 6)

and thus amenable to anion�π interactions with the en-

capsulated anions which, as evidenced by our studies, act as

templating elements and are critical for the formation of one

metallacycle over another. The anion resides in themetalla-

cycle cavity, and the nuclearity is dictated by the specific

anion present during the self-assembly process. In Table 1, a

compendium of the metallacycles characterized by X-ray

crystallography to date is provided;33�35,45,46 the relatively

small tetrahedral [BF4]
� and [ClO4]

� anions template molec-

ular squares (Scheme 1, Figure 7), whereas the larger octa-

hedral [SbF6]
� anion exclusively favors unprecedented

metallapentacycles (Scheme 1, Figure 8). Combined data

from X-ray crystallography, 1H and 19F NMR spectroscopies,

cyclic voltammetry (CV), and mass spectrometry (MS) reveal

that the templating anions play a decisive role in thisFIGURE 5. Tetracyanopyrazine crystallized with Cl�.41

FIGURE 6. Schematic representations and ESP maps of (a) bptz and (b) bmtz calculated with B3LYP/6-31þG(d,p).48



898 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 894–906 ’ 2013 ’ Vol. 46, No. 4

Anion�π Interactions Chifotides and Dunbar

chemistry by stabilizing one particular cyclic structure over

another due to favorable additive anion�π interactions

with the π-acidic cavities spanned by bptz or bmtz; to our

knowledge,metallacycle templationmediated by anion�π

contacts has not been previously documented in the

literature.

The influence of the size, shape and geometry of the

anions notwithstanding, there also is a subtle interplay

between these factors and the potential of the anion to

establish strong anion�π contacts with the π-acidicmoieties

in the metallacycle cavities. Indeed, careful examination of

themetallacycle X-ray structural parameters reveals that the

encapsulated anions establish multiple close contacts with

the tetrazine rings. For example, in the molecular squares

[{Ni4(bptz)4(CH3CN)8}⊂I]7þ or [{Ni4(bptz)4Br7(CH3CN)}⊂Br3],

the encapsulated spherical I� or linear [Br3]
� ions establish

several dcent halide 3 3 3 tetrazine centroid contacts shorter by

0.30 or 0.15 Å than ΣRvdW I 3 3 3C (3.68 Å) or ΣRvdW Br 3 3 3C
(3.55 Å), respectively (Figure 9, Table 1).33

It is noteworthy that, for the metallacycles templated by

[BF4]
�, [ClO4]

� (Figures 7 and 10A), or [SbF6]
� (Figure 8), for

example, the encapsulated polyatomic anions are em-

braced by the π-acidic cavities and optimally positioned in

a fashion allowing for themaximumnumber and strength of

short directional F/O 3 3 3Ctetrazine additive anion�π con-

tacts with the π-acidic tetrazine C atoms of the cavities

at distances 2.8�3.0 Å, that is, up to 0.4 Å shorter than

ΣRvdWF/O 3 3 3C (Table 1).33�35,45,46 Additionally, for several

TABLE 1. Crystallographically Determined Metallacycles and Their Anion�π Contacts

metallacycle
templating
anion(s)

F/O 3 3 3C anion�π contacts with
tetrazine rings (Å) average anion�π contact (Å) ref

[{Ni4(bptz)4(CH3CN)8}⊂BF4][BF4]7 [BF4]
� a 2.69, 2.82, 2.87, 2.98, 2.99, 3.05 2.90b 33, 46

[{Ni4(bptz)4(CH3CN)8}⊂ClO4][ClO4]7 [ClO4]
� a 2.83, 2.90, 2.99, 3.01, 3.18, 3.20 3.02c 33

[{Ni5(bptz)5(CH3CN)10}⊂SbF6][SbF6]9 [SbF6]
� a 2.73, 3.02, 3.03, 3.04, 3.10, 3.16 3.01b 33, 45

[{Ni4(bptz)4(CH3CN)8}⊂I][SbF6]7 I� 3.275, 3.517 3.39d 33
[{Ni4(bptz)4Br7(CH3CN)}⊂Br3] [Br3]

� 3.297, 3.337, 3.499, 3.521 3.41d 33
[{Ni4(bptz)4(CH3CN)8}⊂BF4][PF6][SbF6]6 [BF4]

� a 2.75, 2.83, 2.88, 2.93, 3.07 2.90b 33
[{Zn4(bptz)4(CH3CN)8}⊂BF4][BF4]7 [BF4]

� 2.73, 2.79, 2.89, 3.08, 3.18 2.93b 33
[{Zn4(bptz)4(CH3CN)4(H2O)4}⊂ClO4][ClO4]7 [ClO4]

� 2.89, 3.03, 3.05, 3.07 3.00c 47
[{Co4(bptz)4(CH3CN)8}⊂BF4][BF4]7 [BF4]

� 2.73, 2.79, 2.88, 2.89 2.82b 48
[{Fe4(bptz)4(CH3CN)8}⊂BF4][BF4]7 [BF4]

� a 2.74, 2.78, 2.80, 2.83, 2.86, 2.88, 2.93, 2.95 2.84b 35
[{Fe5(bptz)5(CH3CN)10}⊂2SbF6][SbF6]8 [SbF6]

� a,e 2.81, 2.83, 2.89, 2.93, 2.96, 3.03 2.91b 34, 35
[{Fe5(bmtz)5(CH3CN)10}⊂SbF6][SbF6]9 [SbF6]

� 2.79, 2.81, 2.93, 2.94, 3.00, 3.09 2.93b 34
aAnion(s) disordered between two positions. bΣRvdW F 3 3 3C: 3.17 Å. cΣRvdW O 3 3 3C: 3.22 Å. dHalide 3 3 3 tetrazine ring centroid distances; ΣRvdW I 3 3 3C: 3.68 Å; ΣRvdW
Br 3 3 3C: 3.55 Å. eTwo encapsulated [SbF6]

� anions.

SCHEME 1

FIGURE 7. Short anion�π contacts in X-ray structures of squares: (a)
[{Ni4(bptz)4(CH3CN)8}⊂BF4]

7þ and (b) [{Ni4(bptz)4(CH3CN)8}⊂ClO4]
7þ.

Adapted with permission from ref 33. Copyright 2005 American Che-
mical Society.
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of the aforementioned metallacycle structures, the optimal

anion positioning in the cavity vis-�a-vis the opposing

tetrazine ring carbon atoms and the F 3 3 3Ctetrazine distances
were corroborated by DFT calculations performed for the

binary adducts C2N4R2 3 3 3 [X]
�
3 3 3C2N4R2 (R = F, CN; [X]� =

[BF4]
�, [PF6]

�), for example, Figure 10B.35 Additionally, the

short F 3 3 3Ctetrazine anion�π interactions with the π-acidic cav-

ities in [Fe4(bptz)4(CH3CN)8][BF4]8, [Zn4(bptz)4(CH3CN)8][BF4]8,

and [Fe5(bptz)5(CH3CN)10][SbF6]10 were detected by unpre-

cedented solid-state 19FMASNMR studies, which revealed

downfield-shifted resonances Δδ(19F) ∼ 4 ppm for the en-

capsulated versus the peripheral anions, in accord with their

involvement in noncovalent contacts in the solid state.35

The stability of the aforementioned discrete, intact me-

tallacycles in solutionwas established bymass spectrometry

and, for the Fe(II) square/pentagons, by electrochemistry as

FIGURE 8. Short anion�π contacts in pentagonal X-ray structures: (a,b) [{Ni5(bptz)5(CH3CN)10}⊂SbF6]
9þ;33

(c�e) [{Fe5(bptz)5(CH3CN)10}⊂2SbF6]
8þ.34,35

FIGURE 9. Short anion�π contacts in square X-ray structures: (a, b)
[{Ni4(bptz)4(CH3CN)8}⊂I]7þ; (c) [{Ni4(bptz)4Br7(CH3CN)}⊂Br3].

33

FIGURE 11. (a) Differential pulse and (b) cyclic voltammograms for
[Fe4(bptz)4(CH3CN)8][BF4]8. Adapted with permission from ref 35. Copy-
right 2013 American Chemical Society.

FIGURE 10. (A) X-ray structure of [{Fe4(bptz)4(CH3CN)8}⊂BF4]
7þ, (B)

C2N4(CN)2 3 3 3 [BF4]
�
3 3 3C2N4(CN)2 adduct optimized with B3LYP/6-31þ

G(d); directional anion�π contacts depicted with dashed lines. Adapted
with permission from ref 35. Copyright 2013 American Chemical Society.
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well; the cyclic voltammograms of the Fe(II) metallacycles

exhibit several sequential reversible metal-centered oxida-

tion processes (for example, Figure 11) and, interestingly, a shift

of the bptz reduction features to more negative potentials

versus free bptz. The latter is counterintuitive unless one con-

siders that the ligand π-acidity has decreased due to anion�π

contacts.33�35 The polygon stability, especially of the penta-

gons, is remarkable given the inherent strain due to the incon-

gruity between octahedral metal ion and internal pentagon

angles (90� vs 108�). The intrinsic instability of the pentagons43

is apparently overcome by the inward bowing of the central

tetrazine moieties, to alleviate angle strain as well as to

establishmultiple shortanion�πcontactswith theencapsulated

[SbF6]
� anions (evidenced in [{Ni5(bptz)5(CH3CN)10}⊂SbF6]-

[SbF6]9,
33,45 [{Fe5(bptz)5(CH3CN)10}⊂2SbF6][SbF6]8, and [{Fe5-

(bmtz)5(CH3CN)10}⊂SbF6][SbF6]9; Figure 8).33�35

The decisive role of the anions in stabilizing specific Ni(II)

polygons was further probed by interconversion studies

performed bymass spectrometry andX-ray crystallography:

[{Ni5(bptz)5(CH3CN)10}⊂SbF6][SbF6]9 is readily converted to

[{Ni4(bptz)4(CH3CN)8}⊂BF4][BF4]7 or [{Ni4(bptz)4(CH3CN)8}-

⊂ClO4][ClO4]7 with an excess of the corresponding tetrahedral

anion, whereas the reverse transformation of the intrinsically

more stable molecular squares to the less stable pentagon

requires refluxing for 5 days, with a 50-fold excess of [SbF6]
�

ions in CH3CN, and is only partial (Scheme 2A).33 Conversely,

abstraction of the iodide from [{Ni4(bptz)4(CH3CN)8}⊂I]-

[SbF6]7 with TlPF6, leads to transformation of the square to

the less stable pentagon [{Ni5(bptz)5(CH3CN)10}⊂SbF6]-

[SbF6]4[PF6]5,
33 a finding which suggests that a square with-

out the appropriate encapsulated ion is unstable.

The higher stability of the Ni(II) squares versus the penta-

gon notwithstanding, it is notable that the relative polygon

stability for the Fe(II) congeners favors the pentagons. Solu-

tion interconversion studies between the low-spin Fe(II)

metallacycles under the competing influence of the

anions, conducted by 1H NMR spectroscopy, underscore the

remarkable stability of the metallapentacycles and the

critical role of the anion in their templation.35 Surprisingly,

[{Fe5(bptz)5(CH3CN)10}⊂2SbF6][SbF6]8 is not converted to

[{Fe4(bptz)4(CH3CN)8}⊂BF4][BF4]7 by mere overnight stirring

with 15-fold excess of [n-Bu4N][BF4] in CD3CN; rather refluxing

for 4 h with a 25-fold excess of [n-Bu4N][BF4] is required

(Scheme 2B, Figure 12).35 The high stability of [{Fe5(bptz)5-

(CH3CN)10}⊂2SbF6][SbF6]8 is further supported by the fact that

an ∼50:50 [Fe4(bptz)4(CH3CN)8][BF4]8:[Fe5(bptz)5(CH3CN)10]-

[SbF6]10 mixture is formed upon refluxing [{Fe4(bptz)4-

(CH3CN)8}⊂BF4][BF4]7 with an excess of [n-Bu4N][SbF6] for

2 days (Scheme 2C, Figure 13).35

The higher stability of [{Fe5(bptz)5(CH3CN)10}⊂2SbF6]-

[SbF6]8 as compared to the Ni(II) congener, with respect to

their corresponding conversions to squares with encapsu-

lated [BF4]
� ions (Scheme 2, A and B), is attributed to the

considerably smaller cavity size of the former (Table 2),

which results in shorter by 0.1 Å and thus stronger anion�π

interactions (Table 1). The subtle, yet decisive role of the

SCHEME 2

FIGURE 12. 1H NMR spectra in CD3CN for conversion of [Fe5(bptz)5-
(CH3CN)10][SbF6]10 to [Fe4(bptz)4(CH3CN)8][BF4]8: (a) [Fe5(bptz)5(CH3CN)10]-
[SbF6]10 (b-d) refluxed with a 25-fold excess of [n-Bu4N][BF4] for specified
time. Adapted with permission from ref 35. Copyright 2013 American
Chemical Society.
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anions in the polygon formation and the close cavity con-

tacts are also evident by considering the metallacycles with

the octahedral pnictogen anions. As evidenced by 1H NMR

spectroscopy, MS, and CV studies, [Fe5(bptz)5(CH3CN)10]-

[PF6]10 is templated by [PF6]
� in solution,35 in contrast to

Ni(II) ions which form neither pentagons nor squares sup-

ported by [PF6]
� anions.33 The aforementioned difference

may be explained by the fact that [PF6]
� ions establish closer

anion�π interactions with the edges in the smaller Fe(II)

cage as compared to the larger Ni(II) congener (Table 2). The

Fe(II) pentagon with encapsulated [PF6]
� (54 Å3), however, is

relatively unstable, in contrast to that templated by [AsF6]
�

(63 Å3), which is even more stable than the Fe(II) pentagon

templated by [SbF6]
� (71 Å3) ions. As evidenced by 1H NMR

spectroscopic studies, conversion of [Fe4(bptz)4(CH3CN)8][BF4]8
to ∼50:50 mixtures with [Fe5(bptz)5(CH3CN)10][AsF6]10 or

[Fe5(bptz)5(CH3CN)10][SbF6]10 (Figure 13), by the addition of

an excess of [AsF6]
� or [SbF6]

� ions, requires mere overnight

stirring at 55 �C or refluxing for 2 days in CD3CN, respectively

(Scheme 2C).35 Therefore, the order of stability for the

Fe(II) pentagons is [Fe5(bptz)5(CH3CN)10][PF6]10, [Fe5(bptz)5-

(CH3CN)10][SbF6]10 < [Fe5(bptz)5(CH3CN)10][AsF6]10, in accord

with an enhanced synergistic effect arising from the

anion�π contacts of the templating anion series with the

cavity. Moreover, the fact that [Fe5(bptz)5(CH3CN)10][SbF6]10
is more stable than [Ni5(bptz)5(CH3CN)10][SbF6]10 and the

lack of an observed Zn(II) congener templated by [SbF6]
�

agrees well with the cavity size and metal bond lability,

considering that the M-N distances contract in the order

Zn(II) > Ni(II) ∼ Co(II) . Fe(II) (Table 2). These comparisons

further corroborate the importance of optimal cavity/anion

fit to enhance the short anion�π contacts that stabilize the

metallacycles.35 Remarkably, both [Fe4(bptz)4(CH3CN)8][BF4]8
and [Fe5(bptz)5(CH3CN)10][SbF6]10 exhibit higher than ex-

pected cavity occupancies by the guest anions,35 which is

achieved due to the enhanced stability provided by the short

anion�π contacts (Table 1).

Of paramount importance to theprecedingarguments are

our recent 1H NMR data, which provide strong evidence

for templation of these polygons in solution. The bptz

moieties form linear Fe(II) oligomeric mixtures with non-

templating anions despite their appropriate size for templa-

tion, for example, [CF3SO3]
�;35 self-assembly is activated

and the building blocks are organized into an exclusive

metallacycle, however, only upon addition of suitable tem-

plating anions, for example, [BF4]
�, [AsF6]

� and [SbF6]
�, which

lead to [Fe4(bptz)4(CH3CN)8][BF4]8, [Fe5(bptz)5(CH3CN)10]-

[AsF6]10, and [Fe5(bptz)5(CH3CN)10][SbF6]10, respectively

(the onset of templation is evidenced by the characteristic

symmetric 1H NMR spectra for the corresponding closed

polygons in CH3CN; Figure 14).
35 Theaforementioned results

support our contention that themetallacycles do not form in

the absence of templating anions and that the appropriate

anionic templates are an essential part of the metallacycles.

FIGURE 14. 1H NMR spectra of Fe(CF3SO3)2 with bptz in CD3CN (a) upon
addition of excess (b) KAsF6 (c) [n-Bu4N][SbF6] (d) [n-Bu4N][BF4]. Adapted
with permission from ref 35. Copyright 2013 American Chemical
Society.

FIGURE 13. 1H NMR spectra in CD3CN for conversion of [Fe4(bptz)4-
(CH3CN)8][BF4]8 to [Fe5(bptz)5(CH3CN)10][SbF6]10 (a) [Fe4(bptz)4(CH3CN)8]-
[BF4]8 (b-c) refluxed with a 16-fold excess of [n-Bu4N][SbF6] for specified
time (d) [Fe5(bptz)5(CH3CN)10][SbF6]10. Adapted with permission from
ref 35. Copyright 2013 American Chemical Society.

TABLE 2. Average Distances (Å) in bptz Metallacycles

M(II) cross-ligand (Å) diagonal (Å)

squares
Fe(II) 6.5 9.1
Ni(II) 6.9 9.7
Co(II) 7.0 9.9
Zn(II) 7.2 10.1

pentagons
Fe(II) 6.4 10.4
Ni(II) 6.7 10.9
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The 19F NMR data also support the presence of anion-

encapsulated metallacycles in solution. Broadening of the

free anion 19F NMR resonances between þ20 and �40 �C
for [Zn4(bptz)4(CH3CN)8][BF4]8, [Fe5(bptz)5(CH3CN)10][PF6]10,

and [Fe4(bptz)4(CH3CN)8][BF4]8 indicates dynamic endo/exo

exchange of the relevant anions in solution.35 Furthermore,

at low temperatures, the 19F NMR spectra for [Zn4(bptz)4-

(CH3CN)8][BF4]8 or [Fe5(bptz)5(CH3CN)10][PF6]10 in CD3CN,

exhibit two resonances for each polygon ascribed to free

and encapsulated [BF4]
� or [PF6]

� ions, respectively.33,35 For

[Zn4(bptz)4(CH3CN)8][BF4]8, the calculated anion exchange

rate is kexc(BF4) = ∼140(14) s�1 (238 K) yielding an activation

energy of encapsulation ΔG‡
238K(BF4) = 48(4) kJ/mol and for

[Fe5(bptz)5(CH3CN)10][PF6]10, kexc(PF6)= 166(16) s�1 (233 K)

and ΔG‡
233K(PF6) = 46(4) kJ/mol.35 The aforementioned low

activation energy values (∼50 kJ/mol) confirm that only diffu-

sional exchange of the encapsulated anions occurs through

the open faces of the intact metallacyclic cages, without M�N

coordination bond cleavage, thereby reinforcing the conten-

tion that the encapsulatedanions are embedded in the cavities

by noncovalent anion�π interactions (∼20�70 kJ/mol).35

5. Structural Motifs of Self-Assembled Ag(I)
Complexes Dictated by Anion�π Interactions
Armed with the knowledge from the metallacycles, we

undertook a comprehensive investigation of the reactions

between the coordinatively flexible Ag(I) ion with X� =

[PF6]
�, [AsF6]

�, [SbF6]
�, [BF4]

�, and bptz or bppn, in order

to assess the effect of varying the ligand π-acidity and

FIGURE 15. Schematic representation and ESP maps of (a) bppn
calculated with B3LYP/6-31þG(d,p),48 (b) [Ag2(bptz)3]

2þ, and (c)
{[Ag2(bptz)3][SbF6]}

þ (from BP86/TZP SPE calculations). Parts (b) and
(c) adapted with permission from ref 36. Copyright 2006 American
Chemical Society.

FIGURE 16. (a) Ball-and-stick and (b) space-filling representations for
[Ag2(bptz)3][SbF6]2. Part (a) reprinted with permission from ref 36.
Copyright 2006 American Chemical Society.

FIGURE 17. (a) Ball-and-stick and (b) space-filling representations for
[Ag4(bppn)4][SbF6]4.

36

TABLE 3. Anion�π Contacts in Ag(I)-bptz and Ag(I)-bppn Complexes36

compd
rings/anion with
anion�π contacts

shortest F 3 3 3 centroid
distance (Å)

{[Ag(bptz)][PF6]}¥ 2 2.840(5)
[Ag2(bptz)2(CH3CN)2][PF6]2 2 2.806(7)
[Ag2(bptz)2(CH3CN)2][AsF6]2 2 2.784(6)
[Ag2(bptz)3][AsF6]2 3 2.913(2)
[Ag2(bptz)3][SbF6]2

a 3 2.913(6)
[Ag2(bptz)3][SbF6]2

a 6 2.844b

[Ag4(bppn)4][PF6]4 1 3.095(6)
[Ag4(bppn)4][AsF6]4 1 3.096(3)
[Ag4(bppn)4][SbF6]4 1 3.260(5)
[Ag4(bppn)4][BF4]4 1 2.90(4)
aTwo products from the same reaction. bF 3 3 3 tetrazine plane distance.
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anion identity on the preferred resulting structural motifs.36

As indicated by the ESP maps, the central rings of bptz and

bppn exhibit different degrees of π-acidity with bptz display-

ing a significantly higher electropositive character of the

tetrazine as compared to the more electron-rich pyridazine

ring (Figures 6a, 15a). The higher π-acidity of tetrazine

renders bptz amenable to anion�π rather than π�π inter-

actions, which is reflected in the ensuing structural motifs of

the Ag(I) complexes. The bptz reactions lead to polymeric,

dinuclear, or propeller-type structures (Figure 16),36,37 de-

pending on the experimental conditions and anion present,

whereas the bppn reactions give rise to grid-type structures

[Ag4(bppn)4]
4þ regardless of the anion (Figure 17).36

In the case of the bppn grids, the π�π stacking is max-

imized at the expense of anion�π interactions, whereas in

the bptz complexes multiple, shorter (by ∼0.2 Å), and thus

stronger anion�π interactions than those encountered in

the bppn complexes are established (Table 3).36 The most

intriguing Ag(I)-bptz species are the propeller-type structures

[Ag2(bptz)3][SbF6]2 (Figure 16) and [Ag2(bptz)3][AsF6]2 with

three bptz rings spanning two metal centers and the anions

embedded in the cation folds establishing short anion�π

contacts with the tetrazine rings (three per anion).36,37

The evidence gleaned from the solid-state structures vis-
�a-vis the relative strength of anion�π interactions for the

Ag(I)-bptz and Ag(I)-bppn complexes was corroborated

by DFT single-point energy calculations, which revealed

shifts in the ESP maps for the tetrazine rings in close contact

with anions, for example, {[Ag2(bptz)3][SbF6]}
þ versus

[Ag2(bptz)3]
2þ (Figure 15b,c).36

6.MultisiteAnion Interactionsof theExtended
π-Acidic Arene HAT(CN)6
In highly π-acidic arenes, X-ray structural determinations

and theoretical studies demonstrated that the anions are

preferentially located over the periphery of the rings

(Figures 4b, 5) and that the interactions with the π-systems

involve charge-transfer (CT), which in several cases is wit-

nessed by the appearance of highly colored solutions or

crystals.23,41 Recently, a few cases involving chromogenic

electron-transfer in the presence of strongly Lewis basic

anions were reported.24�26 We envisioned HAT(CN)6
(Figure 18) to be a particularly attractiveπ-acidic heterocyclic

system for establishing short contacts with anions,23,49 due

to the electron-withdrawing cyano groups, its high molecu-

lar polarizability, and positive quadrupole moment. Electro-

nic, multinuclear NMR, and ESI-MS spectroscopies together

with X-ray crystallographywere applied to assess the strong

FIGURE 18. Schematic representation and ESPmapof HAT(CN)6. Adapted
with permission from ref 23. Copyright 2010 John Wiley and Sons.

FIGURE 19. Repeat layers ABCD in {([n-Bu4N][X])3[HAT(CN)6]2} 33C6H6

(X� = Br�, I�): (a) down, (b) along c axis, (c) vertical stacks, and (d) multisite
anioncontacts in {[HAT(CN)6]2[X]3}

3‑ in solution (X�= I�, Br�, Cl�). Adapted
with permission from ref 23. Copyright 2010 John Wiley and Sons.

TABLE 4. Closest Contacts in {([n-Bu4N][X])3[HAT(CN)6]2} 33C6H6
23,49

X� a dX‑centroid (Å) X 3 3 3Cext or RCT (Å)

I� 3.337b,e 3.334b,e

3.419c,e 3.506c,e

3.378d 3.420d

Br� 3.245b,e 3.239b,e

3.280c,e 3.354c,e

3.262d 3.29d

aEach halide ion is in contact with two HAT(CN)6 units. bDistance to layer A.
cDistance to layer C. dAverage value; ΣRvdW C 3 3 3 Br 3.55 Å, ΣRvdW C 3 3 3 I 3.68 Å.
eη2-contacts to Cext (Figure 19).
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association of the donor halide ions with the π-acceptor

HAT(CN)6.
23

The cocrystallization of HAT(CN)6 with [n-Bu4N][X] (X
� =

I�, Br�) affords intensely colored crystals of the isostructural

analogs {([n-Bu4N][X])3[HAT(CN)6]2} 33C6H6.
23,49 The stabili-

zation and propagation of infinite chains {[HAT(CN)6]2-

[X]3}
3�

3 3 3 [X
�] 3 3 3 {[HAT(CN)6]2[X]3}

3�
3 3 3 [X

�] 3 3 3 {[HAT(CN)6]2-
[X]3}

3�, consisting of layers ABCD, is governed by CT

contacts between the halide donors to the peripheral Cext

atoms of the HAT(CN)6 pyrazine rings as well as anion�π

interactions at the core ring centroids (Figure 19). The CT

interaction strength is indicated by the close peripheral

halide η2,η2 contacts to Cext at distances by up to 0.35 Å

shorter than ΣRvdW C 3 3 3X (Table 4).23 The shorter dis-

tances of the peripheral anions to Cext, as compared to

the central anions fromCint of the core rings, imply that the

latter anion�π interactions are clearly weaker than the

peripheral CT contacts in the complexes.23

In solution, the CT nature of the HAT(CN)6/halide com-

plexes (X� = Cl�, Br�, I�; THF or CH3NO2) was confirmed by

the appearance of new prominent absorption bands in the

visible region of the electronic spectra (Table 5; Figure 20),50

the dependence of the transition energies (hνCT) on the

solvent polarity and their linear correlation with the anodic

potentials of the donors (Mulliken correlation).23 The order

of the complex association constants is KCT,Cl > KCT,Br > KCT,I
and alsoKCT,X(CH3NO2) <KCT,X(THF) (Table 5).

23 Theunusually

high KCT,X(THF) values (2�5 times higher than typical CT

complexes) speak to the high HAT(CN)6/halide complex sta-

bility, which is attributed to theHAT(CN)6 exceptional acceptor

strength stemming from the electron-withdrawing cyano

groups and the extensively delocalized π-aromatic system.

The spontaneous formation of {[HAT(CN)6]2[X]3}
3� CT

assemblies in solution, with peripheral positioning of the

TABLE 5. Spectroscopic Features for HAT(CN)6/Halide Associates23

solvent Cl� Br� I� solvent Cl� Br� I�

λmax (nm) THF 408 419 630 CH3NO2 390 406 557
KCT (M

�1)a THF 3780 2200 940 CH3NO2 71 48 20
aAt 25 �C.

FIGURE 20. Spectral changes upon incremental additions of [n-Bu4N][I]
(0�3.55 mM) to HAT(CN)6 (0.130 mM) in THF. Inset: Job plots (black
circles) chloride, (red squares) bromide, (blue triangles) iodide ions.
Adaptedwithpermission fromref23.Copyright2010 JohnWileyandSons.

FIGURE 21. Variable Temperature 13C NMR spectra for the
{[HAT(CN)6]2[Br]3}

3� associates in THF-d8.

FIGURE 22. Halogen NMR spectra for the {[HAT(CN)6]2[X]3}
3�

associates in CD3NO2-d3 (X
� = Cl�, Br�).23
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anions, is supported by Job plots (Figure 20, inset), which

support a 2:3 stoichiometric ratio for [HAT(CN)6]:[X] (X
� = Cl�,

Br�, I�; Figure 19d).23 Furthermore, the aromatic region for

each complex in THF-d8 or CD3NO2-d3 exhibits three 13C

NMR resonances corresponding to the peripheral Cext,

central Cint, and �CN carbon atoms (Figure 21), which

indicate that the positions of the halide ions are related

by a C3 rotation axis. These findings are in accord with

three anions being positioned over the Cext�Cext bonds

in a η2-fashion, in agreement with the findings from the

solid-state data (Figure 19d).23 Additionally, the reten-

tion of three resonances in the 13C NMR spectra of

each complex at low temperatures (Figure 21) indicates

that one anion is not shared among the three Cext�Cext

positions. The Cext resonances exhibit downfield shiftsΔδext∼
1�3 ppm, as compared to HAT(CN)6, which support the

presence of CT contacts with the halide ions.23

Despite the challenge of appreciable nuclear quadru-

pole moments for halogen nuclei (I > 1/2), we succeeded

in also corroborating the aforementioned contacts by

recording halogen NMR spectra (Figure 22), which re-

vealed substantial downfield-shifted 35Cl, 81Br, and 127I

resonances for the complexes {[HAT(CN)6]2[X]3}
3� {Δδ (35Cl)

> Δδ (81Br) > Δδ (127I)} as compared to the corresponding

free halide salts;23 these shifts are indicative of one type of

halide interaction in each complex and deshielding of the

donor nuclei due to CT, thus confirming the structure de-

picted in Figure 19d in solution.

Other relevant notable systems that hold great promise in

many applications, are the template directed mechanically

interlocked molecules reported by Stoddart and Griffiths, ex-

hibiting noncovalent donor�acceptor interactions between

π-electron-rich and π-electron-deficient macrocycles.51

7. Concluding Remarks
The findings highlighted herein attest to the fact that anions

in close contact with π-acidic aromatic ligands trigger the

assembly and play a salient role in stabilizing cationic

metallasupramolecular architectures. The subtle inter-

play between anions, ring π-acidity, and metal ions, in

synergy with prominent anion�π contacts, dictates the

outcome of the anion-templated processes in the solid

state and in solution. Our studies unequivocally demon-

strate that additive anion�π interactions are responsible

for the template effect in rare metallacycles despite

counterintuitive nuclearities (pentagons); the stability of

theensuingarchitectureswas correlatedwith theencapsulated

anion�π contact strength. In a relevant assessment of ligand

π-acidity and the self-assembly outcome, the influence of

enhanced short anion�π contacts is reflected in the formation

of propeller versus grid-type entities.

Unprecedentedmultisite CT interactions observed for the

distinctly coloredHAT(CN)6/halide1D complexes in the solid

state and in solution also lend credence to the importance of

short anion contacts in dictating supramolecular architectures

and bode well for their use as anion-sensing receptors. The

aforementioned self-assembled systems showcase anion�π

contacts at the forefront of novel supramolecular inter-

actions and pave the way to an understanding of their

fundamental nature in solution and the solid state as well

as for unearthing other intriguing synthetic or natural frame-

works directed by them.
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